I. INTRODUCTION
Topological insulators (TIs) represent a new state of matter.
1,2 They behave like insulators in the bulk, but are characterized by a non-trivial symmetry inversion at the band gap due to strong spin-orbit coupling. This gives rise to gapless conducting spin-helical states on their boundaries (edges or surfaces), with linear (Dirac) energy-momentum dispersion inside the bulk band gap, crossing at the Dirac point. The level degeneracy at the Dirac point is topologically protected by time-reversal symmetry.
External perturbations that break this symmetry can open an energy gap at the Dirac point and modify the spin texture, resulting in several novel quantum phenomena, possibly relevant for spintronic and magneto-electronic applications. Among these, one of the most interesting phenomena is the quantum anomalous Hall effect (QAHE). The idea of a quantum version of the anomalous Hall effect, i.e., a quantum Hall effect in the absence of external magnetic field and Landau levels, had already been suggested by Haldane 3 in 1988 but never realized until recently.
Soon after the discovery of three-dimensional TIs, it was predicted theoretically that the QAHE should occur in thin films of magnetic TIs. 4 Key elements leading to the QAHE are the opening of a magnetic energy gap at the Dirac point of the topological surface state and the positioning of the Fermi level inside this gap. The currently most discussed approach for engineering a gap is magnetic doping: ferromagnetically ordered magnetic dopants produce a net magnetization which breaks time-reversal symmetry and, when directed orthogonal to the TI surface, opens a gap in the TI surface states. 5, 6 The theoretical prediction of the QAHE was first verified experimentally 7 in 2013 and since then it has been confirmed by several other groups (for a recent review, see Ref. 8 ).
However, several outstanding problems remain and make the QAHE one of the presently most investigated topics of TI research. [9] [10] [11] [12] For example, the nature of magnetic order in these systems is not well understood. Furthermore, although a precise quantization of the Hall conductivity is achieved, a small but non-zero and unexplained dissipative longitudinal conductivity remains detectable. 9, 10, [13] [14] [15] Most importantly, the effect has so far been observed only at ultra-low temperatures (typically < 100 mK), i.e., well below the Curie temperature of the respective magnetic TI material. It is quite self-evident that all these issues are unavoidable side effects of the magnetic impurities, which are on one hand neces-sary to trigger magnetic order but on the other hand also lead to unintended changes of the TI's electronic structure near the Dirac point.
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Establishing ferromagnetic order in a TI with an out-of-plane easy axis is a challenging problem. Ideally, it is desirable to attain magnetic TIs with a high ferromagnetic transition temperature, T C , which can be controlled by the concentration of magnetic impurities. Since the discovery of TIs, considerable experimental effort has been dedicated to achieve longrange magnetic order in two prototypical TIs, Bi 2 Se 3 and Bi 2 Te 3 , by doping with different TM atoms, such as Cr, Mn, or Fe, in both bulk and thin film geometries. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Significant theoretical work has also been undertaken to understand the mechanism of magnetism in TM doped TIs. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] For some of the magnetic TIs where the QAHE has been observed, such as Cr-doped (Bi,Sb) 2 Te 3 , it has been proposed that the mechanism driving the ferromagnetic transition is based on the Van Vleck spin susceptibility. 4 For an alternative interpretation of the ordering mechanism in Cr-doped Sb 2 Te 3 , see a recent theoretical study published in Ref. 44 . However, theoretical 45 and experimental 11 work has shown that in V-doped (Bi,Sb) 2 Te 3 (another magnetic TI where the QAHE has been observed) the exchange mechanism must be more complex than the Van Vleck picture considered so far, and competing coupling mechanisms involving super-exchange mediated by p-orbitals of the host atoms may be at play. For example, the presence of a high density of states near the Fermi level and the Dirac point, originating from the the 3d levels of the vanadium impurities was recently demonstrated. 11 These observations are in agreement with the overwhelming majority of photoemission and STM studies showing a gapless Dirac cone in magnetically doped TIs. 16, 31, [46] [47] [48] [49] [50] [51] [52] [53] Yet, the presence of a finite density of states near the Dirac point in magnetic topological insulators exhibiting the QAHE seems to defy the established basic theoretical understanding of this effect. In an attempt to resolve this apparent contradiction, Sessi et al., 16 on the basis of STM data on V-doped Sb 2 Te 3 and elaborating on previous theoretical work, 54, 55 proposed a scenario based on the dual nature of the magnetic TM dopants in a TI, which on one hand
are expected to open a gap at the Dirac point but at the same time provide impurity states in the same energy region, such that eventually a gapless condition at the Dirac point is re-established. 16, 56 The observation of the QAHE is only made possible by the localized nature of the impurity states, which results in the emergence of a mobility gap in samples characterized by a gapless density of states.
Since the theory supporting this picture was based on a model Hamiltonian that does not distinguish among different TM impurities, 16 it is important to carry out more detailed theoretical and experimental studies assessing the individual effect that specific TM elements have on the electronic and magnetic properties of the respective host TI. This is the scope of the present paper. Specifically, we have carried out systematic first-principles studies of the electronic and magnetic properties of substitutional Cr, V, Fe, and Mn dopants in Sb 2 Te 3 TI, both in bulk and on the surface. In particular, we have computed the magnetic anisotropy energy and the easy axis for these magnetic TIs. In consideration of the relevant role played by the p-levels of the nearby host atoms in the exchange coupling, we have also evaluated the spin-polarization of the Te and Sb atoms nearest to the TM impurity. Last but not least, we have focused on the fundamental issue of whether or not different TM dopants give rise to resonance impurity states in the gap close to the Dirac point.
These theoretical predictions will be compared with experimental findings obtained using complementary techniques. Scanning tunneling microscopy (STM) has been used to check the structural properties of the samples while scanning tunneling spectroscopy (STS) measurements allowed us to evidence the local perturbations induced by the dopants inside the bulk band gap. Resonant photoemission (resPES) has been used to map the chemical and orbital character of the bands. Finally, magnetic properties have been analyzed by x-ray magnetic circular dichroism (XMCD). This technique allowed us to investigate the emergence of long range magnetic order and to identify the easy magnetization direction. Even more importantly, it granted direct access to the magnetic coupling between dopants and the elements of the host material, shedding light on the exchange mechanisms.
The paper is organized as follows. In Sec. II we describe the results of our first-principles calculations of the electronic structure and magnetic properties of TM-doped Sb All calculations are performed after fully relaxing the atomic positions in all structures.
The effect of relaxation is not very strong in Sb 2 Te 3 , both for bulk and surface. However, the nearest-neighbor Te atoms are observed to move slightly towards the TM impurity atom.
The local symmetry of the impurity atom is approximately C 3v for both bulk and surface impurity substituting a Sb atom of the host material. The local symmetry of the impurity atom is C 3v for both bulk and surface case. For the surface supercell, the TM impurity is located on the first Sb monolayer under the top surface consisting of a Te monolayer. In the surface calculations, the slab thickness consists of six quintuple layers, grown along the C direction. The exposed top and bottom surfaces of the slab are (111) type.
except that the distances between impurity and nearest-neighbor Te atoms are slightly different in bulk and surface. All the bulk calculations are performed using a 3 × 3 × 1 k-mesh, whereas for surface calculations we used 2 × 2 × 1 k-mesh in the Brillouin zone.
The single-ion magnetic anisotropy energy (MAE) is calculated by using the force theorem in the presence of spin-orbit interaction, according to which the anisotropy energy for two magnetization directions of the TM impurity is the difference between the sum of all single particle Kohn-Sham eigenvalues for the two directions. 60 In this work we have calculated the energies for two magnetization directions, namely, the out-of-plane [001] direction 7 (corresponding to the c axis in bulk) and the in-plane [110] direction (in the x, y plane),
Since Wien2k is an all-electron code with plane wave basis, the electronic and magnetic properties of a system can be calculated very accurately. The trade-off is that the calculations carried out with this code is computationally extremely demanding, particularly for the large supercells considered in this work, both in terms memory and calculation time. For example, a typical surface calculation requires a total of about six weeks to attain a fully relax crystal structure in the presence of the TM impurity and to perform anisotropy calculations in a 20 core node with 64 GB memory (which is the maximum memory/node available in our supercomputer cluster at Lunarc).
Because of these computational constraints, most of the calculations in this work were carried out using GGA. For the case of V-doped Sb 2 Te 3 we have also performed GGA+U calculations in order to study the effect of electronic correlation effects which may play a significant role, as indicated by the theoretical and experimental data presented below.
DFT in the GGA+U implementation is a suitable approach to address this case. For these calculations we have used U = 4 eV, which is the typical value for TM atoms.
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B. Results
TM impurity magnetic moment and induced spin polarization of the host atoms
In pristine Sb and surface. However, the coupling between the impurity atom and the induced moment at the Sb sites is FM for all four impurities, consistent with experiment (see also discussion below).
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As mentioned above-and this will become more clear when we discuss the impurityinduced modification of local density of states (DOS)-V-doped Sb 2 Te 3 has a complex elec-tronic structure with a substantial DOS at the Fermi level originating from the V d-levels.
It is therefore important to investigate how electronic correlations affect the electronic and magnetic properties of the system. For this purpose we have investigated V dopants in bulk Sb 2 Te 3 within the framework of GGA+U, with U = 4.0 eV. The effect of Hubbard U is to localize the d states of the V atom. Consequently, the local moment of V increases to 2.6 µ B .
A closer inspection of the orbital occupancy shows that the enhanced magnetic moment is the result of an increase of the majority-spin occupancy from 2.5 to 2.8 and a simultaneous decrease of the minority-spin occupancy from 0.48 to 0.26. Since the hybridization of the d
states of the V impurity with its neighboring atoms decreases with correlations, the induced moments at the NN Te sites decreases to 0.21 µ B . However, the magnetic coupling between V and its NN Te sites remains AFM as in the case of U = 0.
Magnetic anisotropy energy of TM impurities in Sb 2 Te 3
According to a minimal two-dimensional continuum model, to open a gap at the DP of the surface states in a magnetic TI, it is necessary that the magnetization be oriented along the normal of the TI surface [63] [64] [65] . The orientation of the magnetization is determined by the magnetic anisotropy energy (MAE) of the system. We have calculated both the bulk and surface MAE and the corresponding easy axes for all impurities studied in this work. The results are shown in Table II . The direction of easy axis depends on the type of impurity.
For V, Cr, and Mn bulk impurities, the easy axis is out-of-plane, that is, along the the growth direction of the crystal cleavage plane, while for Fe it is within the surface plane.
Our results show that the surface anisotropy may qualitatively differ from the corresponding bulk values. For example, V and Mn exhibit an easy axes within the surface plane, contrary to bulk, whereas the Cr easy axis is still out-of-plane, just like for bulk. These calculations suggest that only the ground state of Cr-doped Sb 2 Te 3 can sustain a ferromagnetic order with out-of-plane magnetization, and therefore will open a magnetic gap at the DP.
Whereas the calculated out-of-plane easy axis of Cr-doped Sb 2 Te 3 agrees well with experiment, 66 theoretical data for V-doped samples suggest an in-plane anisotropy for the surface layer which is not supported by the experiment (see also the discussion in Sec. VI).
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To understand this apparent discrepancy between the experimental measurement and the theoretical results we would like to emphasize that in our DFT calculations the TM impurity has been added only to the topmost Sb layer (i.e., the second sub-surface layer). Therefore in our surface calculations we have not really considered any magnetic order originating from bulk doping. If bulk magnetic order is also achieved, it can act as an external magnetic field to the surface electrons and can significantly influence the anisotropic properties of the film. Thus, it might be possible that bulk magnetic order can change the orientation of magnetization produced by a single surface layer.
Resonances in bulk-doped Sb 2 Te 3
As discussed in Sec. I, the presence of impurities can give rise to impurity resonances close to the DP, which can be detrimental on the observation of the QAHE. To investigate whether the TM impurities give rise to resonance states, we have first calculated the bulk density is the vertical dotted line in the figure). On the other hand, for Cr the Fermi level is just in the middle of the gap, which appears to remain free of resonance states. Impurity d-level states for Cr (see lower panel for the Cr case) all occur inside the bulk conduction band. Fe dopants are qualitatively similar to V, displaying a finite DOS at E F originating from the minority-spin d-levels. In contrast, Mn is qualitatively more similar to Cr, displaying only a small DOS at E F , which however is located not in the middle of bulk gap as for Cr, but closer to the valence band edge.
Given the presence of impurity states in the gap for V dopants, it is important to assess the role played by electron correlations, which can modify the electronic structure of the impurity states. Therefore, we have carried out GGA+U calculations with U = 4 eV for V-doped Sb 2 Te 3 . The resulting V d-level DOS calculated is shown as a red line in Fig. 2 13 (top panel). As expected, the effect of the on-site Hubbard interaction U is to increase the localization of the d-electrons around the impurity core. This is reflected in the d-level DOS of the majority-spins, which are pushed further below the Fermi level, increasing their overall occupancy, as we have already seen above in the discussion of the magnetic moment.
The resonant nature of these impurity states is enhanced by the correlations: the broad shoulder at the Fermi energy becomes a higher and narrower peak. However, it is important to note that, although correlations have the effect of reducing the d-level DOS at the Fermi energy, the DOS near E F is still finite. Although not calculated explicitly here, previous calculations on TM-doped Bi 2 Se 3 show that the inclusion of Hubbard U has a very similar effect on the d-level DOS of other TM impurities. 32 In particular, we expect that correlations will produce minimal changes to the Cr d-level DOS, and by displacing the d-levels in the way described above, will make the Mn DOS look even more similar to Cr. The case of
Fe is a bit peculiar, since the finite DOS in the absence of correlations is due to minorityspin d-levels. However it is likely that the effect of U, while pushing these levels further above E F , will nevertheless maintain a finite, albeit small, DOS coming from these states.
In conclusion, our calculations show that only for V and-to a lesser extent-Fe dopants resonant states are theoretically expected inside the bulk gap close to E F . The DOS of these d-levels remains finite even when electron correlations are included.
Resonances in surface-doped Sb 2 Te 3
We now consider the case of TM magnetic impurities located on the (111) surface of Sb 2 Te 3 , focusing on their effect on the electronic DOS in the vicinity of the Dirac point.
As explained in Sec. II A, the phrase impurity located on the surface is used to describe a TM atom replaces an Sb atom in the topmost Sb layer, just underneath the Te layer terminating the supercell (see Fig. 1 ). This TM atom primarily hybridizes with the three NN Te atoms in the topmost layer and another three in the third layer. The penetration of the topological surface states inside the bulk material decays exponentially with the distance from the surface. More precisely, it is known that the decay length of the surface states is of the order of two to three quintuple layers (QLs). 67 Therefore we expect that the orbital levels of the TM impurity will overlap with and strongly affect the surface states of the top surface of the supercell. On the other hand the TM impurity will have essentially no influence on the surface states of the bottom surface of the supercell, which is six QLs thick.
The theoretical analysis of the TM impurities at the surface considered here is essential for the interpretation of the STM and XMCD experiments described below, which are mostly surface sensitive.
The DOS results of the surface impurity calculations are plotted in Fig. 3 . Comparing with Fig. 2 , it is evident that the impurity states for surface doping resemble in part the DOS for bulk doping. In order to identify the precise position of the DP relative to the Fermi level, the band structure is required. However, since we were unable to perform band structure calculations for such a large supercell, due to the computational limitations explained in Sec. II A, the DP is estimated by assuming that the DOS is expected to be a minimum at the DP, as shown in Fig. 3 . We would like to emphasize that the presence of a finite DOS around the DP of the top-surface states is due to the presence of the bottom-surface states The Fermi level lies just in the middle of this bulk gap, and it is very close to the DP. The case of Mn surface-doping is displayed in the third panel of Fig. 3 . Here we can see that Mn impurities introduce a small albeit finite DOS at the Fermi level, which, as for the case of bulk impurities, is located close to the valence band edge. However, we find that the DP is located approximately at 0.1 eV above the Fermi level, where the contribution of Mn impurity states is essentially zero. Since the magnetic gap possibly opened by the time-reversal breaking perturbation is centered at the original DP of Sb 2 Te 3 , and is expected to be of the order of a couple of tens of meV at most, we conclude that in this case the Mn impurity states should not be able to fill this gap. Therefore Mn-doped Sb 2 Te 3 is in a way qualitatively similar to Cr-doped Sb 2 Te 3 , in that any magnetic gap opened by the impurity will not be affected by the presence of additional impurity resonances. Notice also that, on the basis of our analysis on the effect of correlations discussed in Fig 2, we expect that the inclusion of on-site correlation effects via a Hubbard interaction U will further remove the small DOS from the gap region.
Finally the case of Fe surface-impurities is discussed in the bottom panel of Fig. 3 . As for the case of bulk impurities, Fe is a bit different from the other three cases, since the impurityinduced resonant levels inside the bulk gap now originate from minority-spin states. In this For all elements, topographic images reveal the presence of different defects in the crystals.
The large overviews reported in panels (a) as insets demonstrate that in all crystals the magnetic dopants are homogeneously distributed, without any signature of clustering. This observation proves the good quality of the samples used in our experiments, which can be classified as dilutely doped. Furthermore, irrespective of the particular TM dopant two types of defects, labeled I and II, are predominant. These defects correspond to the perturbations introduced in the crystal structure by the magnetic dopants, which are expected to substitute Sb in the second and fourth layer of the Te-Sb-Te-Sb-Te quintuple layer structure. 16 Although
Scanning Sb substitution is energetically most favorable, interstitial doping has also been reported.
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This necessarily calls for a precise identification of the dopants sites. Indeed, the different local environment seen by impurities residing at different sites can significantly change the impurity-host hybridization, ultimately impacting onto the system's electronic and magnetic The structural investigation already allows us to evidence some differences and similarities among the different impurities. The cleavage planes of V-and Fe-doped samples have a quite similar appearance: dopants residing in the top-most Sb layer (defect I) are characterized by a triangular depression with brighter intensity at each corner. We would like to note that in the Fe case an additional but less frequently observed appearance is found for dopants residing in the first Sb layer [defect III in Fig. 8(c) ]. This site is structurally equivalent to I but characterized by a different contrast. Although a definitive conclusion can not be drawn at the moment, we speculate that defect III might be related to Fe atoms in a different oxidation state. 
V. RESONANT PHOTOEMISSION MEASUREMENTS
In this section we shall discuss resonant photoemission data that were obtained for the same V-, Cr-, Mn-and Fe-doped Sb 2 Te 3 samples studied by STM/STS in the previous section. This method provides a rather direct estimate of the 3d impurity DOS in the valence band by exploiting their strongly enhanced photoemission cross section for excitation energies close to the 2p-3d x-ray absorption (XAS) maximum. 75, 76 Typically this is achieved by considering the difference between an "on-resonant" spectrum, obtained at the XAS The resonant photoemission data were obtained at beamline P04 of the PETRA III storage ring at DESY (Germany) using the ASPHERE III setup designed for soft X-ray photoemission experiments. The measurements were performed with a Scienta R4000 spectrometer at a base pressure of ca. 3×10 −10 mbar and a temperature of ca. 30 K. The energy resolution was ca. 100 meV and for all measurements circularly polarized light has been used. hence, is inaccessible to photoemission. This is in agreement with our STS results in Fig. 2 .
However, the high-binding-energy tails of the TSS extend into the valence band up to a binding energy of about 0.3 eV, as shown previously for undoped Sb 2 Te 3 by high-resolution ARPES. 74 Remarkably, the TSS can also be discerned in the present soft X-ray ARPES data, as indicated in Fig. 9(a) .
In order to address the V 3d states we consider the 2 nd derivative images in Figs The resonant photoemission data for Fe-doped Sb 2 Te 3 reported in Fig. 10(d) show a main peak centered at a binding energy slightly below 3.0 eV. This is in line with our theoretical predictions which evidence a maximum in the Fe 3d majority states at similar energies (see Fig. 2 ). The experimental data also suggest the presence of Fe states near the Fermi level, which our calculations can directly link to the presence of a metallic 3d minority band.
28

VI. XMCD MEASUREMENTS
To probe the magnetic properties of the TM dopants embedded in the TI host, XMCD measurements were performed at the BOREAS beamline of the ALBA synchrotron light source 77 and at the ID32 beamline of the European Synchrotron Radiation Facility. 78 The samples were cleaved in situ under UHV conditions. The experiments were carried out at temperatures T < 10 K in the total electron yield mode, which makes our measurements mostly surface sensitive. In Fig. 11 we plot the L edge absorption spectra for left and right circularly polarized light (red and blue curves, respectively) and their corresponding XMCD 16, 79 whereas no similar study has been found for the Mn-and Fe-doped systems.
Although doping with V, Cr, Mn, and Fe always results in the introduction of magnetic moments into the system, the long-range magnetic properties can be strongly TM-dependent.
This is expected because of the element-specific p-d hybridization between dopant and host material, which plays a crucial role in mediating the coupling between magnetic moments in TM-doped TIs.
These aspects have been investigated by measuring hysteresis loops at the L 3 XMCD maximum, for a magnetic field applied at different angles θ with respect to the surface normal. The systems studied here showed very different macroscopic magnetic behaviors.
In Fig. 12 we show the resulting magnetization curves for θ = 0 • (full circles) and θ = 60 opening of the hysteresis loop, with a coercivity of approximately 150 mT, as seen in the inset in Fig. 12(a) . For Cr, a collective ferromagnetic response is highlighted by the step-like behavior of the hysteresis curve. However, the coercivity in this case could not be measured, being it smaller than the resolution of our measurements. The Mn-doped sample showed the largest XMCD signal, which is indicative of a high spin configuration of the dopants.
However, long-range magnetic order is absent in this system: the hysteresis loops show no sign of saturation up to a field of 6 T. Furthermore, data taken along normal and grazing magnetic field directions are indistinguishable, indicating the absence of any detectable preferred magnetization direction. Finally, the Fe-doped sample showed a paramagnetic behavior. The low concentration results in a small signal which makes it difficult to draw definitive conclusions over the magnetic easy-axis.
As previously discussed, the magnetic impurities are expected to induce a magnetic moment in the neighboring Te and Sb atoms via p-d hybridization. This has been directly detected by XMCD measurements. indicate the presence of strong ferromagnetic order with an out-of-plane easy-axis. On the other hand, the presence of impurity states in the bulk gap of TI in the vicinity of Dirac point is now confirmed by both experimental and theoretical studies and defies the second condition for the QAHE. 16 The observation of a clear QAHE for this system 9 , essentially with the same degree of precision found in Cr-doped Sb 2 Te 3 , can possibly be explained by invoking the existence of a mobility gap, similar to the one responsible for the perfect Hall quantization in GaAlAs 2D electron gas systems. Given this more complex scenario, further rational quantum engineering and material optimization of V-doped Sb 2 Te 3 TI, for example by co-doping, in order to enhance its QAHE properties, is probably more challenging than for Cr-doped TIs. 
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